During DNA repair by homologous recombination (HR), DNA synthesis copies information from a template DNA molecule. Multiple DNA polymerases have been implicated in repair-specific DNA synthesis 1-3 , but it has remained unclear whether a DNA helicase is involved in this reaction. A good candidate DNA helicase is Pif1, an evolutionarily conserved helicase in Saccharomyces cerevisiae important for break-induced replication (BIR) 4 as well as HR-dependent telomere maintenance in the absence of telomerase 5 found in 10-15% of all cancers 6 . Pif1 has a role in DNA synthesis across hard-toreplicate sites 7,8 and in lagging-strand synthesis with polymerase d (Pold) 9-11 . Here we provide evidence that Pif1 stimulates DNA synthesis during BIR and crossover recombination. The initial steps of BIR occur normally in Pif1-deficient cells, but Pold recruitment and DNA synthesis are decreased, resulting in premature resolution of DNA intermediates into half-crossovers. Purified Pif1 protein strongly stimulates Pold-mediated DNA synthesis from a D-loop made by the Rad51 recombinase. Notably, Pif1 liberates the newly synthesized strand to prevent the accumulation of topological constraint and to facilitate extensive DNA synthesis via the establishment of a migrating D-loop structure. Our results uncover a novel function of Pif1 and provide insights into the mechanism of HR.
During DNA repair by homologous recombination (HR), DNA synthesis copies information from a template DNA molecule. Multiple DNA polymerases have been implicated in repair-specific DNA synthesis [1] [2] [3] , but it has remained unclear whether a DNA helicase is involved in this reaction. A good candidate DNA helicase is Pif1, an evolutionarily conserved helicase in Saccharomyces cerevisiae important for break-induced replication (BIR) 4 as well as HR-dependent telomere maintenance in the absence of telomerase 5 found in 10-15% of all cancers 6 . Pif1 has a role in DNA synthesis across hard-toreplicate sites 7, 8 and in lagging-strand synthesis with polymerase d (Pold) [9] [10] [11] . Here we provide evidence that Pif1 stimulates DNA synthesis during BIR and crossover recombination. The initial steps of BIR occur normally in Pif1-deficient cells, but Pold recruitment and DNA synthesis are decreased, resulting in premature resolution of DNA intermediates into half-crossovers. Purified Pif1 protein strongly stimulates Pold-mediated DNA synthesis from a D-loop made by the Rad51 recombinase. Notably, Pif1 liberates the newly synthesized strand to prevent the accumulation of topological constraint and to facilitate extensive DNA synthesis via the establishment of a migrating D-loop structure. Our results uncover a novel function of Pif1 and provide insights into the mechanism of HR.
To understand how Pif1 promotes BIR, we used an established system wherein only one end of a site-specific double stand break (DSB) has extensive homology to the donor sequence, so that most cells (.80%) use BIR for repair 12 . After strand invasion, over 100 kilobases of the full-length chromosome III donor is copied. Chromosomal markers provide a means to determine the frequency of BIR or alternative mechanisms by growth on selective media (Fig. 1a ). BIR was evaluated in pif1-m2 cells, wherein the mutant Pif1 protein is excluded from the nucleus but retains mitochondrial function 13 , or in pif1D cells.
Cells lacking Pif1 are BIR deficient and have a large increase in halfcrossover products (Fig. 1b) , with pif1D showing a greater impairment, probably because the pif1-m2 protein retains residual nuclear activity 13 . The Pif1 helicase activity is indispensable for BIR as revealed by testing the helicase-dead pif1(K264A) mutant (Fig. 1b) . Southern blot analysis showed loss of the template chromosome in pif1D consistent with an increase in half-crossover products ( Fig. 1c and Extended Data Fig. 1a ). An examination of repair products from individual colonies revealed elevated gross chromosomal rearrangements and changes in template chromosome size, which probably stemmed from half-crossovers (Extended Data Fig. 2a-d) . The role of Pif1 in BIR is general and highly specific, as BIR induced at a different locus is also Pif1-dependent (Extended Data Fig. 3a-e ) and elimination of two other 59-39 helicases, Rrm3 or Hcs1, does not affect BIR (Extended Data Fig. 1b ). The BIR function of Pif1 is unrelated to its known role in telomerase inhibition, as the elimination of telomerase components does not suppress the BIR defect of pif1-m2 cells (Extended Data Fig. 1c ).
A similar deficiency in BIR with high levels of half-crossovers was observed in pol32D cells, which lack the nonessential subunit of Pold (ref. 12) (Extended Data Fig. 1b ), implicating Pif1 in DNA synthesis. Consistent with this deduction, strand invasion occurs normally in pif1D cells (Extended Data Fig. 4a, b ), whereas DNA synthesis monitored by quantitative polymerase chain reaction (qPCR) is decreased ( Fig. 1d ). In chromatin immunoprecipitation (ChIP) analyses we found Pif1 enrichment at the DSB and along the template molecule, *These authors contributed equally to this work. 1 
Half-crossover Ade -(white) Leu - further implicating a role of Pif1 in DNA synthesis ( Fig. 1e ). This Pif1 enrichment is repair-specific, as it is compromised in mutants deficient in strand invasion or extensive DNA synthesis (Extended Data Fig. 4c, d ). Because Pif1 seems to affect DNA synthesis, we used ChIP to examine the initial recruitment of Pold, which is essential for BIR 14 , and other polymerases. Notably, only the recruitment of Pold is decreased in pif1-m2 cells ( Fig. 1f ). Besides BIR, fully processive Pold is needed for the crossover HR pathway and promotes long conversion tracts 15 . Pif1 is also needed for both processes as monitored in ectopic or allelic gene conversion assays ( Fig. 2a -c and Extended Data Fig. 1d ). There is no change in cell viability or repair efficiency in pif1D cells, but the crossover frequency decreases by half, similar to pol32D cells ( Fig. 2c ). Furthermore, the increase in crossover frequency caused by deleting the crossover suppressors Mph1 and Srs2 (refs 16, 17) is also dependent on Pif1 and Pol32 (Fig. 2b, c) . Thus, Pif1 and Pold are key factors in crossover recombination. Indeed, the conditional depletion of Pold but not other polymerases almost completely eliminates crossovers while slightly reducing non-crossovers (Extended Data Fig. 1e ).
We performed biochemical reconstitution to examine how Pif1 influences DNA synthesis in D-loops made by Rad51, RPA and Rad54 (refs 18, 19) . According to a published procedure 3 , we loaded the polymerase clamp PCNA onto the primer end of the D-loop with RFC, then added Pold with Pif1 ( Fig. 3a ). Our Pif1, RFC, PCNA and Pold preparations had no detectible nuclease or topoisomerase contamination (Extended Data Fig. 5a , b).
We first made the D-loop with a 59 32 P-labelled 90-mer oligonucleotide as the invading strand and pBluescript (2,961 base pairs (bp)) DNA as acceptor ( Fig. 3a ). DNA synthesis by Pold generated DNA species that migrated above the D-loop ( Fig. 3a , lanes 2 and 10). Notably, the addition of Pif1 led to the appearance of DNA species that harboured a much larger amount of new synthesis (Fig. 3a , lanes [3] [4] [5] [11] [12] [13] . With Pif1 present, DNA species migrating above the substrate oligonucleotide but below the D-loop were also observed (indicated by the asterisk in Fig. 3a ). Because Pif1 can disrupt the D-loop structure (Extended Data Fig. 5c ), these DNA species probably stemmed from the release of the extended invading strand.
The helicase activity of Pif1 is required for the stimulation of Poldmediated DNA synthesis, as revealed by analysing the pif1(K264A) mutant 13, 20 (Fig. 3a) . Likewise, no DNA synthesis occurred if either Rad51 or Rad54 was absent or upon the omission of RFC, PCNA, or deoxynucleoside triphosphates (Extended Data Fig. 5c ). Efficient D-loop formation and optimal DNA synthesis require RPA (Extended Data Fig. 5c ), in concordance with previous observations that it promotes Rad51-mediated strand exchange 19, 21 and DNA unwinding by Pif1 (ref. 22) . Notably, in the absence of Pif1, RPA was unable to promote extensive synthesis by itself ( Fig. 3 and Extended Data Fig. 5c ), even when present in excess (data not shown). In addition, when either Rad51 or Rad54 was removed (Extended Data Fig. 6a ), or when Rad54 was heat-deactivated after D-loop formation (Extended Data Fig. 6b ), Pif1 was still able to stimulate DNA synthesis.
In another set of experiments, an unlabelled invading strand was extended with [a-32 P]dCTP present ( Fig. 3b ). Two-dimensional gel electrophoresis ( Fig. 3c) 3, 23 showed that the extended DNA species made by Pold harboured ,200-500 nucleotides (Fig. 3c ), whereas the products made by Pold with Pif1 could reach a few thousand nucleotides ( Fig. 3c and Extended Data Fig. 5d ). 
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The effect of Pif1 is highly specific, as neither S. cerevisiae Rrm3 nor Escherichia coli DinG, which possess 59-39 helicase activity, could substitute for it. Likewise, no enhancement of Pold-mediated DNA synthesis occurred with the 39-59 S. cerevisiae Mph1 helicase (Extended Data Fig. 7a ). Moreover, Pif1 has no effect on E. coli DNA polymerase I Klenow fragment (Extended Data Fig. 7b ).
S. cerevisiae cells lacking the POL32 gene are impaired for HR 12, 14, 15, 24 . The Pol32 protein interacts with PCNA and enhances the processivity of Pold (ref. 25) . We observed a severely reduced level of DNA synthesis by Pold*, which lacks Pol32 (Extended Data Fig. 8a ), alone or in conjunction with Pif1 (Extended Data Fig. 8c ). Purified Pol32 interacts with Pold* (Extended Data Fig. 8b ) and its addition to Pold* led to an enhancement of DNA synthesis activity comparable to that of Pold (Extended Data Fig. 8c ).
Extensive DNA synthesis in a covalently closed DNA molecule generates topological stress that would impede polymerase movement, yet, in our reconstituted system several kilobases of DNA can be synthesized without a topoisomerase ( Fig. 3c and Extended Data Fig. 5d ). In fact, whereas topoisomerase I enhanced DNA synthesis by Pold alone (Extended Data Fig. 9a , lanes 5 and 6) 3 , it had no stimulatory effect when Pif1 was present (Extended Data Fig. 9a, b) . Thus, Pif1dependent DNA synthesis may entail concomitant dissociation of the newly synthesized DNA from the 59 side, a premise supported by our observation that Pif1 can efficiently dissociate the unmodified (Extended Data Fig. 5c ) and extended D-loops ( Fig. 3a) .
We tested the hypothesis that Pold-Pif1-mediated DNA synthesis occurs within a migrating D-loop. First, the extended D-loops were analysed by restriction digests (Fig. 4a ). If the extended invading strand were released, then a significant fraction of the D-loop would be resistant to the enzymes AhdI and XmnI, which incise at 115 and 714 nucleotides from the 59 terminus of the invading strand, respectively. D-loops were made with a 59 32 P-labelled invading strand and extended with unlabelled deoxynucleotides (see Fig. 3a ), followed by treatment with AhdI or XmnI and analysis in a denaturing gel (Fig. 4a) . The D-loop extended by Pold alone could be cleaved quantitatively by AhdI to produce a 115-nucleotide DNA fragment (lanes 7 and 9), whereas most of the extended product made with Pold-Pif1 was resistant. Little of the Pold-extended D-loop was susceptible to XmnI, consistent with the short Pold-alone synthesis tract ( Fig. 3) . A small fraction of the extended D-loop from the Pold-Pif1 reaction was cleavable by XmnI to generate the 714-nucleotide fragment, indicative of DNA synthesis proceeding beyond the 1714 site and of the fact that much the 1714 site in the extended DNA existed as single-stranded DNA (ssDNA) (Fig. 4a, lanes 13 and 15) . Thus, in the Pold-Pif1 reaction, Pif1 continually dissociates the extended strand from the D-loop. This 'bubble migration' mode of DNA synthesis was previously suggested for a reconstituted bacteriophage T4 system that harbours the Dda helicase 26 .
We next examined the extended D-loops by electron microscopy. We treated the D-loop products with the T4 gp32 protein to decorate the ssDNA region, followed by protein-DNA crosslinking with glutaraldehyde. The crosslinked nucleoprotein complexes were analysed by electron microscopy with metal shadowing 27 . Figure 4b shows typical electron microscopy images of pBluescript DNA, unextended D-loop, D-loops extended by Pold, and D-loops extended by Pold-Pif1. This analysis clearly showed D-loop enlargement by Pold and that the Poldextended invading strand remains hybridized to its complementary strand. Notably, the inclusion of Pif1 generated a long ssDNA tail protruding from the D-loop (Fig. 4b ). Furthermore, we tested Pif1 for interaction with Pold and PCNA in affinity pull-down reactions. The analysis revealed that Pif1 physically associates with PCNA but not with Pold (Extended Data Fig. 8d ).
We next asked whether BIR in cells entails the formation of a canonical replication fork with the replicative helicase Mcm2-7 having a crucial role. Several observations suggest that this is not the case. First, mutants deficient in structure-specific resolvases show only a mild BIR deficiency, indicating that in BIR the D-loop does not need to be converted to a canonical replication fork (Fig. 2d) . Second, monitoring the association of RPA with the template chromosome using ChIP revealed that extensive ssDNA is generated during template copying in a Pif1-dependent manner. We confirmed the presence of extensive ssDNA by applying qPCR after restriction digest of DNA synthesis intermediates ( Fig. 2e and Extended Data Fig. 10a, b) . These results indicate that the first and complementary strands are synthesized asynchronously. Finally, conditional depletion of Mcm4 or Psf2, components of the S-phase replication fork, leads to only a mild BIR deficiency ( Fig. 2f and Extended Data Fig. 10c-e ). Although we cannot exclude the possibility that in wild-type cells there is a switch from Pif1-to Mcm2-7-mediated synthesis, we have provided clear evidence that Pif1 can support extensive DNA synthesis in the absence of the replicative helicase.
Our results provide evidence for repair-specific Pif1-dependent DNA synthesis via a migrating D-loop ( Fig. 4c ) that can copy tens of kilobases. Aside from BIR and telomere recombination, such a mechanism could function in gene conversion in fungi 28 and can cause various genome rearrangements 29, 30 . 
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METHODS SUMMARY
The strains listed in Methods are derivatives of (1) tGI354 to study ectopic recombination (hml::ADE1 MATa-inc hmr::ADE1 ade1 leu2-3,112 lys5 trp1::hisG ura3-52 ade3::GAL::HO arg5,6::HPH::MATa) and (2) AM1003 to study BIR (MATa-LEU2-tel/MATa-inc ade1 met13 ura3 leu2-3,112/leu2 thr4 lys5 hml::ADE1/ hml::ADE3 hmr::HYG ade3::GAL-HO FS2::NAT/FS2). The DSB was induced upon expression of the HO endonuclease by adding galactose to the media. Southern blotting and probes specific for either the broken or template chromosome were used to follow the kinetics of DSB repair and for the detailed analysis of individual repair products. Protein recruitment to DSBs was studied by ChIP followed by qPCR. Pif1 and other helicases, homologous recombination proteins, and DNA replication factors were expressed either in E. coli or yeast cells and purified by a multi-step procedure to near homogeneity in each case. For the DNA synthesis reaction, a D-loop is made using Rad51, RPA and Rad54, followed by loading of PCNA with RFC onto the 39 end of the invading strand, and incubation with combinations of Pif1 or another helicase with Pold. Reaction products were analysed by gel electrophoresis and phosphorimaging, or by electron microscopy with metal shadowing. 
METHODS
Media, strains and plasmids. The plasmids pVS31 (pif1-m2), pSH380 (PIF1) and pSH380 (pif1(K264A)) were from V. Zakian. The pif1-m2 mutation was introduced into the genome as described previously 13 . For complementation tests, we amplified PIF1 from pSH380 (PIF1) and introduced it into pRS316 to create pRS316-PIF1; pif1(K264A) was created by subcloning the 0.7-kb AflII/ClaI fragment from pSH380 (pif1(K264A)) into pRS316 (PIF1). For HO induction, cells (GAL10::HO) from an overnight culture in YEPD (1% yeast extract, 2% peptone, 2% dextrose) were transferred to YEP-raffinose (1% yeast extract, 2% peptone, 2% raffinose) and incubated overnight. Galactose was added to 2% when the cell density reached ,1 3 10 7 cells ml 21 .
To study ectopic recombination, allelic BIR, or ectopic BIR we used tGI354, AM1003, or JRL346 strains, respectively, or their derivatives. tGI354 hml::ADE1 MATa-inc hmr::ADE1 ade1 leu2-3,112 lys5 trp1::hisG ura3-52 ade3::GAL::HO arg5,6::HPH::MATa (ref. 16 ) and its derivatives: pif1-m2 (yWH42); pif1::KANMX (yWH1217); pol32::KANMX (yWH80); pif1-m2 pol32::KANMX (yWH198); pif1:: KANMX pol32::URA3 (yWH1226); mph1::KANMX (tGI772) 16, 17 ; pif1-m2 mph1:: KANMX (yWH1043); pol32::TRP1 mph1::KANMX (yWH221); srs2::LEU2 (tGI383) 16 ; pif1-m2 srs2::LEU2 (yWH1072); pol32::KANMX srs2::LEU2 (yWH1076); pol2-16 (yWH1116); pol3-14 (yWH1103); rad30::KANMX (yWH1222).
AM1003 MATa-LEU2-tel/MATa-inc ade1 met13 ura3 leu2-3,112/leu2 thr4 lys5 hml::ADE1/hml::ADE3 hmr::HYG ade3::GAL-HO FS2::NAT/FS2 (ref. 12 ) and its derivatives: trp1::hisG (yWH422); leu2::KANMX (yWH271); pho87::URA3 (yWH279); pif1-m2 (yWH121); pif1-m21pRS316-PIF1 (yWH530); pif1-m21pRS316-pif1(K264A) (yWH531); pol32::KANMX (yWH321); pif1-m2 pol32::KANMX (yWH304); pif1:: KANMX (yWH465); rad51::KANMX (yWH615); rad54::KANMX (yWH616); exo1::TRP1 sgs1::KANMX (yWH612); pif1-m2 tlc1::LEU2 (yWH308); pif1-m2 est2::KANMX (yWH328); hcs1::KANMX (yAP427); pif1-m2 pho87::URA3 (yWH298); POL1-13Myc-TRP1 (yWH1176); pif1-m2 POL1-13Myc-TRP1 (yWH1177); POL2-13Myc-TRP1 (yWH499); pif1-m2 POL2-13Myc-TRP1 (yWH501); POL3-13Myc-TRP1 (yWH634); pif1-m2 POL3-13Myc-TRP1 (yWH1110); RAD30-13Myc-TRP1 (yWH1179); pif1-m2 RAD30-13Myc-TRP1 (yWH1178); pif1-m2 MCM7-3HA-TRP1 (yWH1056); pif1-m2 pif1-m1-4Myc-TRP1 pol32::KANMX (yWH971); pif1-m2 pif1-m1-4Myc-TRP1 rad52::KANMX (yWH1003); ura3::URA3 thr4::THR4 (yMW331); pif11::KANMX (yMW335); MATa-LEU2::URA3-tel/MATa-inc (yMW393); CUP1::mcm4-td::KANMX (yMW412); CUP1::psf2-td::KANMX (yMW467).
JRL346 mata::HOcsDEL::hisG ura3DEL851 trp1DEL63 sup53DEL::leu2DEL:: NATMX hmlDEL::hisG hmrDEL::ADE3 ade3::GAL10::HO can1,1-1446::HOcs:: HPH::DEL AVT2 ykl215c::LEU2::hisG::can1DEL1-289 (ref. 14); and its derivative, pif1::KANMX (yGI272). Pulsed-field gel electrophoresis and analysis of DSB repair products. To analyse DSB repair kinetics and products in AM1003 derivative strains, chromosomal DNA plugs were prepared and separated as described 4 , followed by Southern blotting and hybridization with probes specific for either ADE1, ADE3, MCH4 or MAT (ref. 4) . Allelic BIR product formation was estimated as the per cent of the initial uncut chromosome III. Percentage of the chromosome III template remaining during repair was measured as the normalized intensity of the band corresponding to chromosome III in each time point after break induction multiplied by 100 and divided by the intensity the band corresponding to chromosome III at time point '0'. Chromatin immunoprecipitation. ChIP analyses of DNA polymerases, Rad51 and Pif1 were performed and quantified as described 31 . The anti-Myc (9E10) antibody was from Sigma (M4439). Anti-Rfa2 antibody was from W.-D. Heyer 32 and anti-Rad51 antibody was from our laboratory stock 31, 33 . Experiments were done at least three separate times and the t-test was used to establish the statistical significance of the results. The primers used for qPCR were: MATX- Fig. 4b . Initial DNA synthesis analysis. To measure initial DNA synthesis in BIR, 2 ng of genomic DNA from different times after DSB induction was amplified by PCR with the primers: P1-BIR URA3 (59-ACCCGGGAATCTCGGTCGTAATGA-39) and P2-Z1 distal (P1 and P2 in Fig. 1d ; 59-ATCCGTCACCACGTACTTCAGC-39). As control, the CHA1 gene on chromosome III was amplified. Determination of DSB repair by BIR and other mechanisms. To quantify allelic BIR, we used a disomic strain with an extra, truncated copy of chromosome III wherein the arm 100 kb distal from MATa is replaced with LEU2 followed by telomeric repeats 12 . In this assay, the chromosomes participating in repair are marked by either LEU2, ADE1 or ADE3 which allows determination of the repair pathway by growth on selective media (Fig. 1a) 12 . To avoid any contribution of Ty transposon repeats to repair, the nearest Ty1 repeats to the DSB were replaced with a NAT cassette. BIR leads to the loss of the LEU2 marker. When repair fails, ADE1, NAT and LEU2 markers are lost, and the colonies appear red due to an Ade1 deficiency. When cells repair the DSB by gene conversion using the short homology on the right side of the break all the markers are retained 12 . In rare cases in wild-type cells, part of the homologous template chromosome is lost due to a halfcrossover that eliminates the ADE3 marker, and colonies are Ade 2 and appear white.
The BIR assay was performed by plating on YEP-galactose medium and replica plating on Leu 2 , Ade 2 dropout and NAT selective media. For each strain, at least 1,000 colonies were scored. The frequencies of BIR, half crossovers, gene conversion and chromosome loss were estimated based on the percentage of colonies carrying markers specific for these repair outcomes, as described above (Fig. 1a ) and reported previously 12 . Pedigree analyses and individual product size analyses by CHEF confirmed repair by BIR in wild-type cells 12 . Because the repair by BIR occurs in G2/M cells two copies of each chromosome are present. Owing to random segregation of chromosomes, half of the half crossovers (the major product in pif1D cells) segregate with an intact copy of the full-length chromosome III, and are genetically and structurally indistinguishable from BIR as confirmed by pedigree analysis 12 . Therefore, the number of Ade 2 white colonies scored on selective media as half crossovers represent only half of these events. To correct for this, the number of half crossovers (Ade 2 , white colonies) was multiplied by two, and consequently the number of BIR events was adjusted by subtracting the number of Ade 2 , white colonies. Second, upon analysis of the repair products by CHEF from Ade 1 colonies that have lost the distal NAT marker (Extended Data Fig. 2d ), we found that about half of them carried a genomic rearrangement, whereas the other half of the products corresponded by size to BIR, where strand invasion occurred proximal to the NAT marker. Therefore, half of the NAT S colonies were scored as gross chromosomal rearrangements and the other half as BIR events. The number of BIR events in pif1D mutants were still probably overestimated because about one-third of the Ade 1 NAT R Leu 2 colonies did not result from allelic BIR, but from a half crossover event associated with a stabilization of the part of template chromosome carrying the ADE3 marker (Extended Data Fig. 2b) .
The percentage of cells that repair a DSB by ectopic BIR 14 (BIR between two short homologous sequences located on heterologous chromosomes) was calculated as the number of canavanine-sensitive (Can S ) colonies (Extended Data Fig. 3a ) formed on YEP-Gal plates divided by the number of all colonies formed on YEPD plates, multiplied by 100. In this BIR assay, recombination between two truncated copies of the CAN1 gene located on chromosome V and XI leads to the formation of an intact CAN1 gene resulting in canavanine sensitivity. In pif1D cells the number of BIR events (,1%) is probably overestimated because over half of the cells that form the full-length CAN1 gene during DSB repair do not complete repair (Extended Data Fig. 3d ). Additionally, some of the products that appear to be BIR can correspond to half crossovers that in this assay (haploid cells) cannot be scored (half-crossovers that segregate with an intact template chromatid cannot be distinguished from BIR and the half-crossovers that lose a large part of the template chromosome are inviable). Measurements of crossover frequency, DSB repair and viability in ectopic recombination assay. We determined the frequency of crossovers, viability and efficiency of the DSB repair as previously described 16, 17 . Measurement of ssDNA formation by qPCR. The ssDNA amount was measured as previously described 34 10 and 41 kb away from the DSB end and as a control on the chromosome V not participating in recombination. The primers used in this assay were: oMW 1082 10832bp-F (59-CACTAAGTTCTTGGACAG GT-39); oMW 1083 10832bp-R (59-AATACTGGTCATGAAGCCAC-39); oMW 1116 ChrV 41701bp-F (59-GGCAGCCACCCTTATGGTGAGG-39); oMW 1117 ChrV 41701bp-R (59-GGCCGCAAGGGCCAAGACAAGG-39); oMW 1120 40890-F (59-CCTTTCACCGTCTATGGGCC-39); oMW 1121 40890-R (59-CAATTCCTC ATTTCCATCGG-39). Measurement of conversion tracts. We used an assay in which an HO break is generated within LEU2 and is repaired by allelic recombination with leu2-R. In this assay, Leu 1 colonies stem from short conversion tracts and Leu 2 colonies from longer conversion tracts 35 . Cells were plated on YEP-Gal plates and then replica plated on medium lacking leucine.
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Extended Data Figure 1 | Analysis of BIR and conversion tracts in pif1D mutants and crossover frequency in polymerases mutants. a, Southern blot analysis of BIR product formation and template chromosome maintenance. Chromosomes were separated by pulsed-field gel electrophoresis and a DNA probe specific for either ADE1 or ADE3 was used. Quantification is shown in Fig. 1c . b, c, Analysis of DSB repair outcomes in the BIR assay of the indicated mutants. d, Schematic of allelic recombination between the leu2 alleles (left). Longer conversion tracts associated with conversion of 'R' leads to formation of Leu 2 recombinants, whereas shorter conversion tracts lead to formation of Leu 1 recombinants. Quantification of gene conversion events with shorter conversion tracts (Leu 1 ) in wild-type (WT) and pif1D cells is shown. The difference between wild-type and pif1D cells is statistically significant, P , 0.0001. e, Southern blot analysis of gene conversion with and without crossing over in the indicated strains using the ectopic recombination assay shown in Fig. 2a . Quantification of crossover product in the indicated mutants compared to wild type that is set to 1. Plotted are the mean values 6 s.d. n 5 3.
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